Abstract-In this paper, we have newly developed a metal thin film-forming sputtering system using the Naturatron Sputtering method that can prevent the plastic film from suffering damage caused by the high-energy particles in plasma and carry out the low-temperature high-density metal deposition with a sputtering chamber and a film deposition chamber separated from each other. This system has made it possible to deposit the indium tin oxide (ITO) thin film on the poly(ethylene naphthalate) film as a substrate. As a result of energy-dispersive X-ray spectroscopy analysis or scanning electron microscope analysis performed for the ITO thin film, it has been proven that the uniform-surface ITO thin film can be deposited on a plastic film.
I. INTRODUCTION

I
N THE recent solar cell industry, the customer and user take notice of a flexible solar cell that has the advantage of being able to make the area larger and the cost lower by introducing the effective using method and lightweighting measures into the solar cell designed as the curved-surfaced structure with flexible shape [1] - [5] . The currently proposed flexible solar cells provide generally the production process that the metal thin film is deposited on the rolled plastic film on roll-to-roll processing technologies [9] using the plasma chemical vapor deposition (CVD) system [6] - [8] with the plastic film used as a substrate, but improving in the defective metal thin-film deposition and shortening of the film deposition time are viewed as a problem and the thin-film deposition technology for solar cell has actually a number of technical problems. Therefore, the solar cell needs the high-speed thin-film deposition technology at a low cost and at a high yield rate.
We have been developing the low-pressure high-frequency plasma CVD system that allows the metal thin film to be deposited uniformly on the plastic substrate at a low cost and at a high yield rate [10] . However, because the metal thin film deposition method for the flexible solar cell has a lot of problems, such as film uniformity and system cost performance, it has become clear that we must propose a novel and low-temperature film deposition method that can deposit the uniform metal thin film on the plastic film used as a substrate without damaging it.
In this paper, we propose the technique to deposit the indium tin oxide (ITO) thin film on the poly(ethylene naphthalate) (PEN) film as a substrate using a new thin filmforming Naturatron Sputtering method to place the thin-film electrodes for the flexible solar cell. The Naturatron Sputtering method enables the ITO thin film to be deposited stably and uniformly on the PEN film at high speed that gives the advantage of being able to form a high-quality light absorbing layer between films deposited through the sputtering method to form the metal thin film in tandem construction. The base material with low melting point, such as plastic materials, is also low in the substrate temperature and plasma damage, obtaining a high membrane uniformity. For that reason, the application of this system can be achieved also to the rollto-roll process that is also the manufacturing process of the flexile solar cells.
Thus, we report that a new technology to deposit uniformly the ITO thin film on the PEN film, which was developed on our original Naturatron Sputtering system, has been demonstrated from the results of chemical analysis. Fig. 1 shows the outline of Naturatron Sputtering system (in photograph of plasma discharge). As shown in Fig. 1 , this Naturatron Sputtering system typically consists of dc power and magnetic poles as well as the conventional magnetron sputtering system [11] - [13] , but as the main difference between both systems, this Naturatron Sputtering system is structured so that the metal target and substrate are located at right angles to each other. In the conventional magnetron 0093-3813 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. sputtering system, the substrate existing in plasma has caused many problems that the temperature of substrate becomes higher, ion in plasma is resputtered, and the substrate electric potential is always structurally negative to repeat a collision between secondary electrons, which leads to an unusable plastic substrate and un-uniformed thin-film deposition. In the Naturatron Sputtering system, however, two targets are located directly opposite with the electric field and magnetic field kept parallel to each other between these targets, plasma is also confined between these targets, electrons move at high speed between them, while twining around lines of magnetic force, large current produces a high-density plasma at a low voltage, and only the atoms sputtered by a plasma-type gas ion are deposited on the substrate located at right angles to both targets. As a result, the magnetic field around each target is enhanced to improves the plasma density and also, the lowtemperature (25°C) thin-film deposition becomes possible because a little plasma damage occurs to the substrate, and its temperature is affected by only radiant heat in plasma. Further, a composition deviation of the thin film deposited on the substrate is not caused by the high-energy plasmatype gas particles resputtered. This means that the optimum film composition, which is the same as that of target, can be deposited uniformly on the front surface of substrate that is sensitive to damage. When using mixed gas (reactive gas) as plasma generating gas, the extremely high film deposition rate can be obtained by supplying the reactive gas from near the substrate and by making it react with the sputtered atoms.
II. EXPERIMENT AND PROCEDURE
The Naturatron Sputtering system has improved especially the following main features more than the conventional magnetron sputtering system.
1) The separation of a sputtering chamber from a film deposition chamber has decreased material damage, caused by the high-energy particles in plasma, and has improved the high-level reproducibility of film deposition. 2) The Naturatron Sputtering system has realized a film deposition speed by one-digit higher, at a high yield rate, than the conventional sputtering system. 3) Installation of the oxidizing chamber for sputtered material has remarkably improved the film deposition control. 4) Because the film deposition chamber is hard to be affected by a plasma, the thin film has been allowed to be deposited on the plastic substrate even at the low temperature (less than 100°C) of substrate in thin film deposition, which was impossible in the conventional sputtering system.
We propose the technique to, we used the 100 × 500 mm 2 ITO target (Sn: 5 wt%) and the Argon (50 sccm) and Oxygen (1.5 sccm) mixture gas as plasma generating gas for thin-film deposition. The specifications of thin-film deposition are as follows: 145 nm/min film deposition rate, 1.3 kW plasma input power, the target voltage was 500 V 2500 s film deposition time, 25 mT central magnetic field strength, 100°C thinfilm depo sition temperature, and 5.6 × 105 Pa ultimate gas pressure. As the basic study in this system so far, when set the plasma 127 making electric power 2.0 kW by Ar + O 2 in the Si target, the production membrane of SiO 2 is obtaining the high-speed production membrane property of 150 nm/min. Likewise, as to the distance between the target and the substrate, when narrowing the distance, the piece number of incidence of the supper atoms against the substrate increases, resulting in the production membrane rate getting faster. Accordingly, the radiant heat of plasma rises, and the substrate temperature also rises. As a result of the fact that the distance between the target and the substrate that is the optimum in the plastic material was found, we determined 174 mm, which is difficult to give damage without melting the plastic material.
Since this high-speed film deposition allows the atoms sputtered from the target to react effectively with the radicals produced by the reactive gas, it prevents the oxide accumulation on the surface of target, the reduction of deposition rate, and the frequent occurrence of defective arc. Fig. 2 shows the structural formula of the PEN film (Teijin Dupont Films, Q51) as a plastic substrate and 51 µm in thickness (height: 210 mm and width: 297 mm) used for thin-film deposition. As the main features of PEN film, it has excellent heat resistance and mechanical characteristics. The PEN film was exposed to target at 174 mm from on substrate. We are aiming at depositing the ITO thin film on the PEN film to use them as the electrode (positive) material for the flexible solar cell.
The crystal structure of the surface and cross section of the ITO thin film that was deposited on the plastic substrate according to the Naturatron Sputtering system was observed visually by the focused ion beam (FIB) scanning electron microscope (SEM) (HITACHI High-Technologies: FIB-2100). In addition, the elemental and composition analyses were conducted for the surface of ITO thin film by the energy-dispersive X-ray spectroscopy (EDX) analysis method and the fundamental parameter (FP) method [14] , respectively. Fig. 3 shows the SEM image that the cross section of ITO thin film was observed, while the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was being shaved off by the FIB-SEM. As shown in Fig. 3 , it can be confirmed that approx. 145-nm ITO thin film is deposited on the PEN film and the crystal structure of the deposited ITO thin film surface is kept uniform. Likewise, as a result of having measured the step difference profile from the surface profiler systems (AlphaStep D-100), the ITO thin film of 145 nm in the membrane thickness on the PEN film has been formed a film, we ascertained that the surface roughness is also lower than 0.39 nm or less. Fig. 4 shows the qualitative analysis of Ti-U spectrum that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the FP method and the EDX analysis method. As shown in Fig. 4 , the spectrum (a) is the qualitative analysis of spectrum measured as an undeposited reference (sample) film. When making a comparison between the spectrums (a) and (b), the latter indicates remarkably the peak points of -Inka, -SnKa, -InKb, and -Inkb2. These results are based on the qualitative analysis of all components of ITO. Fig. 5 shows the qualitative analysis of Na-Sc spectrum that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the EDX analysis method. Besides Fig. 4 , the spectrum (a) shows a reference film in Fig. 5 . When making a comparison between the spectrums (a) and (b), the latter indicates remarkably the peak points of -InLa, -SnLa InLb1, -InLb2, and -LnLg1. Besides Fig. 4 , these results are also based on the qualitative analysis of all components of ITO. Fig. 6 shows the qualitative analysis of Pd-Cd spectrum that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the FP method and the X-ray spectra (EDX) analysis method. Besides Fig. 4 , the spectrum (a) shows a reference film in Fig. 6 . When making a comparison between the spectrums (a) and (b), the latter indicates remarkably the peak points of -InKa and -SnKa. These results are based on the qualitative analysis of all components of PEN film. Information on element analysis of spectrum for the PEN film is deleted in the spectrum (b) because the ITO thin film is deposited on the PEN film as a plastic substrate. Fig. 7 shows the qualitative analysis of C1 spectrum that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the FP method and the EDX analysis method. Besides Fig. 4 , the spectrum (a) shows a reference film in Fig. 7 . When making a comparison between the spectrums (a) and (b), the former indicates remarkably the peak points of -InLL and -InLa. Besides Fig. 4 , these results are also based on the qualitative analysis of all components of ITO. Fig. 8 shows the qualitative analysis of Cr-Fe spectrum that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the FP method and the EDX analysis method method. Besides Fig. 4 , the spectrum (a) shows a reference film in Fig. 8 . When making a comparison between the spectrums (a) and (b), there is no a significant difference between them. Table I shows the results of quantitative analysis that the surface of ITO thin film, deposited according to the Naturatron Sputtering system, was measured using the FP method and the EDX analysis method. The numeric datum of both the undeposited reference (sample) film (Layer 1) and the deposited ITO thin film (Layer 2) are displayed in this table. Because the main components of Layer 1 are almost the same as those of the PEN film, quantitative calculation is carried out on the assumption that Layer 1 is expressed by the compositional formula of C 10 H 8 O 4 . Layer 2 indicates that the density of ITO thin film surface is 84.747 µg/cm 2 , and its component ratio consists of indium (In): 95.774% and zinn (Sn): 4.226%. It has become clear that the ITO thin film was deposited completely. 
III. RESULTS AND DISCUSSION
IV. CONCLUSION
In this paper, we were able to deposit the ITO thin film with thickness of approx. 145 nm on the PEN film as a substrate more quickly than the almost similar plasma CVD, on our original Naturatron Sputtering system that was newly developed using the Naturatron Sputtering system. We can produce membrane for ITO film evenly in the whole film of 210 mm × 297 mm. in size without damaging the plastic system film. Since the electric field and the magnetic field have been installed in parallel in between two pieces of the targets in terms of the structure of the system, the high-density plasma can be generated by a large current with low voltage. In addition, since it makes the target to erode evenly by improving the plasma density heightening the magnetic field of the periphery of the target, thus, enabling us to make a good quality production membrane with 0.39 nm or less also in the surface roughness.
After observing visually the cross section of ITO thin film by the FIB-SEM image, we have confirmed that the crystal structure of the deposited ITO thin film surface is kept uniformly. We have also checked that the ITO thin film is deposited completely through the qualitative and quantitative analyses using the FP method and the X-ray spectra (EDX) analysis method. We have finally developed a new metal deposition system for the flexible solar cell electrode using the low-temperature high-film-deposition-rate sputtering method without damaging the plastic substrate.
In future, we are going to improve this metal deposition system so that it can control the ITO thin film thickness and deposit the metal thin film in tandem construction and are also aiming at developing a new system that makes it possible to carry out a series of metal deposition processes in the flexible solar cell. Kenichi Nakabayashi was born in Miyazaki, Japan, in 1960. He received the Ph.D. degree in photochemistry from Osaka University, Suita, Japan, in 1993.
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